This work discusses the load criteria known as pressure test after waiting-on-cement (WOC) through a detailed explanation of the calculation methodology and study cases. Well casing design is an important step on hydrocarbon exploration planning. New methodologies in this subject allows improvement on well structural integrity combined with time and costs reductions. In routine procedures, design may consider pressure test after WOC, which is an essential operation for cementation failures verification. During test pumping, additional loads are applied to the casing and, when combined, they must be lower than tubular resistances to ensure no failure, avoiding catastrophic consequences. The computational tool CWELL is used for analyzing a production casing string set next to the reservoir, submitted to the pressure test after WOC. Investigating different grades and linear weights on API tubes verifies the achievement of well safety requirements. Results indicate the importance of performing integrated analyzes to guarantee wells stability.
INTRODUCTION
Nowadays, despite the energy matrix diversification, the demand for hydrocarbons continues to increase. This is an indication of the large global dependence on these fuels (BP, 2017). The growing complexity of oil well constructions for deep reservoirs is highlighted. Therefore, projects involving well construction need to be adapted to achieve efficiency in terms of time and cost (Aadnøy, 2010). When evaluating the importance of financial planning in the design of an exploratory program, casings expenses are among the costliest in the development of a well. In some situations, casing expenses account for 18% of the overall completion costs. If there are failures on the installation process or during the service, repair costs will make these costs even higher (Rahman & Chilingarian, 1995; Samuel et al., 2014).
Well casings are structures responsible for several functions, such as keeping the well open; preventing undesired fluid exchange between the well and the formation; being the conductor of fluids, from the formation to the surface, during production, and from the inverse path in the injection. Due to these factors, the casings can be considered important for hydrocarbon extraction in a safe and efficient way. The sizing step is one of the most relevant parts of the proper selection process of these components, and it has brought recurring challenges to drilling and completion engineers. This happens because those are structures that are subjected to different types of loads that may compromise their integrity. Thus, the objective of this is to verify the mechanical integrity of the well casing system by means of the critical forces generated during the wait on cement (WOC) pressure test. This test leads to evaluate the success of the cementation, being a fundamental step for structural evaluation of the well casing section. Based on mechanical integrity indicators, this work proposes the ideal configuration for the production casing system.
METHODS
The proposed analyses were developed on the software CWELL, which is a web application that performs the study of casing for oil wells. This mechanism was implemented within the Multidisciplinary Petroleum Engineering Applications System (SAEP), developed by the Federal University of Alagoas. The computational tool carries out the detailed analysis of the stability of the columns in several stages of the well (Costa, 2016). Figure 1 illustrates the production casing. Among different kinds of well casings, it has the function of isolating producing zones to promote control over the fluid from reservoir. It also allows selective production when the well has several producing regions. It is through the production casing that the well completion is done (Aadnøy, 2010). The completeness of this structure depends 
Tubes resistance to internal loads
Equation (1) and Equation (2), respectively, indicate tube resistance to traction or compression and to burst . Tube outer and inner diameters, as well as its yield stress and thickness are parts in the equation. The resistances are compared with the applied loads. If they exceed the tube load limit, it can indicate failure. For all types of applied loads, CWELL includes an extra portion to the cargoes. Those are the safety factors, which are common items in engineering projects, bringing them greater reliability, from a percentage increase of the values of loads. These elements vary according to the characteristic design conditions and the company that conducts it.
(1) (2)
Aiming for a more realistic analysis, one must recognize that internal, external, and axial forces, acting simultaneously, can influence each other. Thus, for three-dimensional studies, it is prudent to consider a triaxial analysis, which can be applied through the von Mises plasticity criterion. The equivalent stress, , relates the axial , radial and tangential stresses, as presented in Equation (3) (ANSI/API TR 5C3, 2008). The pipe remains in linear elastic regime when . On the mentioned stresses, it is important to consider that the axial stress is given by the ratio of the axial force to the cross-sectional area of the pipe, since the radial and tangential stresses are given by the Lamé equations for perfect thickwalled pipes ( basis for analyzing the tube structural safety. In this graphical area, the well loading scenario curves enable a visual comparison between resistance and loads to the pipe. That is, if the curves that represent the load applied to the tubes exceed the envelopes, the casing structural integrity is not guaranteed, since the flow stress of the material is achieved. In this case, one can state that the structural element reached the service limit state. It is worth noting that, even after exceeding these boundaries, the tube can also be used, however imperfectly, until it reaches the ultimate limit state, the structural failure, indicating the final stop of its use.
Pressure test after WOC
As for the axial loads, the string weight , indicated by Equation (4), and the buoyancy , indicated by Equation (5), are involved, reducing the weight action. These forces depend on the linear weight of the pipe in lbf/ft; the true vertical depth TVD, in ; the hydrostatic pressure of the drilling mud , in psi; and the external and internal areas, and , in .
Referring to the study of radial and tangential loads to the tube, the Pressure Test is set up after WOC. This is a test performed as soon as the cementation is completed after reaching the casing shoe, indicating the success or failure of the cement setting in the well. Cementation consists of a cement paste application process with the objective of hydraulically isolating different areas of interest (Bearden & Lane, 1961; Rabia, 1985) . It is worth emphasizing that there are companies that carry out the pressure test of the casing even with the cement not cured (fresh cement), since, in some cases, micro channels have been created between the cement and the casing, allowing communication of the pressure in several areas (Rabia, 2011). During this event, one can interpret the interaction between internal and external pressures.
For the internal pressure , in , one can see the influence, in Equation (6), of the pressure test on surface, , in , and of the drilling fluid, whose specific weight is given by , in , in a certain TVD, in meters) (Allomax Engineering,
2000; Samuel et al., 2014).
(6) External pressure calculation is based on two situations, observing the external pressure ( , in ) applied by the cement after setting. Situation 1-looks at the pressure from the top of the well ( , which corresponds to the water depth in meters) to the top of cement ( , in meters). It follows Equation (7), which involves the action of the drilling fluid and the seawater. Its specific mass is given by (in ). Situation 2-from the top of the cement to the base of the casing, including the specific mass of the cured cement (in ), according to Equation (8) (Allomax Engineering, 2000; Samuel et al.,  2014 ).
Depending on the operator, can be considered with values up to 80% of the burst strength pressure of the lowest grade used in the casing (Rabia, 1985, 2011) . However, industry data show that, in robust casings, the suggested pressures are high (since they are survival loads), leading to the use of magnitudes that depend on the service loads that may act over the service life of the casing. Pipe leakage is deemed critical scenario of service, considering that the production casing must be prepared for the tube leakage, which is internal to the casing (Bourgoyne Jr. et al., 1991). In this scenario, the surface pressure value can be determined from Equation (9). In addition to , Equation 9 can provide the depth of the investigated casing shoe ( , in ) and the fracture gradient at this point, , in (Allomax Engineering, 2000) . The surface pressure test also influences the axial load, generating the stress , Equation (10), in , adding to the axial stress of the column (Rabia, 1985) .
The importance of proper cementation can be reflected in considerations about the damage of Brazilian offshore wells. The creation of flow channels in cement, which is one of the safety barriers of the well, allows the leakage of hydrocarbons after the cementation of the production casing. This leakage, besides causing significant economic losses to the company, due to deviation of production and increase of corrosion in some subsurface elements, can generate catastrophic environmental damages, because fluid exchange occurs with the formation (Perez et al., 
2017). This work develops the sizing of a production casing adapted from Perez et al. (2017).
According to Figure 4 , the casing outer diameter is True vertical depths of the top of the casing, the base of the casing, and the top of the phase cement are , and respectively. The well is simplified as vertical.
In addition to the basic data provided, other key information for the project was adopted in works with similar conditions (Allomax Engineering, 2000; Bourgoyne et al., 1991; Rahman & Chilingarian, 1995), generating the parameters described in Table 1 . For this purpose, load calculations are used to optimize casing costs. It is also necessary to investigate the linear weight and the grade (which determines the yield stress of the structure from the material of which it is formed) ideal for the situation, since the lower prices of the pipes are related to the lowest value of grades and the lighter linear weights (Rahman & Chilingarian, 1995). 
RESULTS AND DISCUSSIONS
Equation 9 and the input data determined the surface pressure during the test, that is, . Then, as one can see in Figure 5 , graphs were generated for the maximum traction/compression loads on the highest linear weight ( ) pipe and for the burst load applied throughout the well in that order. In Figure  5 -a, the image related to the action of the traction illustrates the major stresses applied in the structure located in the upper part of the well. This was an expected result due to the greater weight in this region. It is worth mentioning that the curve has the same tendency for different linear weights, which, while reduced, generate a lower traction load due to the application of a lower weight. The grade does not influence this value, since it only changes the stress flow (without influencing axial loads). The maximum traction stresses calculated on the surface, in decreasing order, were (for ), (for ), and (for ).
For the burst scenario, shown in Figure 5 -b, the highest value load for all situations is and it is located at the top of the cement, For comparison, the uniaxial/biaxial strengths are given in Table 2 . As expected, the more robust the pipe (either by the grade, leading to increased flow stress, or by linear weight, which increases the thickness), the greater the uniaxial/biaxial resistance is, being credited with greater safety in their use. Thus, the most critical values -the lowest strengths -were obtained for casings of and . Considering the burst failure criterion, one could observe that, for both, the load ( , like that one shown in Figure 5 -b) would be higher than its respective resistances ( and , see Table 2 ). This indicates the possibility of rupture. It is possible to observe that, in the chosen scenario, these two pipes are no longer reliable for use.
The indication of greater integrity preservation for more robust pipes is maintained in the triaxial study. Figure 6, Figure 7 , and Figure 8 , in that order, show the triaxial load analyses applied to ( and ), (with and ), and ( and ) . In all these graphs, the von Mises ellipse (VME) and API envelope are, respectively, in black and blue colors. If the loading (in green) exceeds any of them, casing failure is indicated. In this investigation, grade pipes proved to be reliable at all linear weights, as seen in Figure 6 . Note that envelopes decrease (which makes loading closer to the limits thereof) is evident with the reduction of the linear weight, as with the and casings according to Figure 7 and Figure  8 . Although more reliable, is usually more expensive than the other tested grades. Thus, Figure 7 shows that under the proposed loading conditions, pipes and linear weights other than are safe. One can observe that the weight of is more robust than that of (Figure 7-a) , which indicates near, but within limits, loading of the API envelope. It, however, is overcome for the casing (Figure 7-b) . A similar situation occurs with the lower grade, , combined with the higher linear weight, as seen in Figure 8 -a. This indicates that the is unsafe even in the best proposed situations for the chosen scenario. The problem is aggravated when the loading almost surpasses the von Mises envelope where the linear weight is reduced as shown in Figure 8 -b.
Thus, it is evident that tests proved to be safe, whereas the casing that would be more financially viable ( ) in the triaxial analysis was not reliable. In the case of tubes, it is demonstrated that, due to their limitations, some applied forces, especially in a situation of low linear weight added to the thickness penalty, can make the use deficient when exceeding the limit state of service. Thus, the pipe can still be used, but inadequately, until the ultimate limit state is reached. The scenario chosen was limited to only one specific situation of the industry (pressure test after WOC), and other efforts could be made to render the intermediate grade completely useless.
CONCLUSIONS
The developed study indicates the most suitable pipes for the evaluated scenario among the options available. Grade pipes was indicated by the literature for the analyzed situation. However, pipes, less costly than the previous one, presented conditions of safe use, given the proposed scenario. To complement this work, new field scenarios and/or phases should be applied and investigated to address other possible scenarios. In addition, determining the ultimate limit state conditions of the structure would make it possible to determine more accurately how long the pipe could withstand, even with inadequate use due to imperfections along the structure.
Even so, it is evident the possibility of optimization in the use of casings based on their dimensions. Therefore, there is a possibility of an effective creation of a global well project with low costs that can also guarantee the structural integrity of the well. Thus, the industry can profit from the results, and, at the same time, can reduce potential damages caused by the oil and gas sector, benefiting society and the environment. Tecnológico (CNPq) and Fundação de Amparo à Pesquisa do Estado de Alagoas (FAPEAL) for 
